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Abstract. Ocean waves constitute an extensive energy resource, whose extraction
has been the subject of intense research activity in the last three decades. Among the
different variants of Wave Energy Converters, the principle of the Oscillating Water Col-
umn (OWC) is one of the most promising ones. An OWC comprises two key elements:
a collector chamber, which transfers the wave oscillations’ energy to the air within the
chamber by back and forth displacement, and a power take off system, which converts
the pneumatic power into electricity or some other usable form. The Wells turbine is a
self-rectifying air turbine, a suitable solution for energy extraction from reciprocating air
flow in an OWC. In the present work, the steady state, inviscid flow in the Wells turbine
is investigated by numerical simulations. The relatively novel Virtual Multiple Reference
Frame (VMRF) technique is used to account for the rotary motion of the turbine, and
the overall performance is compared with results in the literature.
1 INTRODUCTION
In the last decades, scientific and technical communities have focused their attention
towards the development of novel concepts for producing electrical power from marine
renewable sources. Among the various sources (stream currents, tide currents, gradient of
salinity, thermal gradient, biomass, etc.), extraction of energy from waves has gained in
popularity [1], and several patents for different Wave Energy Converters (WEC) have been
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registered from 1980 [2]. Even though unanimous consensus on the best technology is not
achieved yet, the Oscillating Water Column (OWC) is one of the most developed types of
WEC, and full-size prototypes have been completed [3, 4, 5]. The OWC consists typically
in a fixed-to-seabed or floating structure, which is open below the water surface, allowing
water to flow in and out an internal chamber and generating oscillating compression and
decompression of the air at the top of the pocket. The generated air flow passes a turbine
and drives an electrical generator. Because of this bidirectional air flow, axial-flow Wells
turbines [6] are used in most prototypes, having the advantage of not requiring rectifying
valves.
Raghunathan [7] describes the basic principles and an interactive procedure for design-
ing a Wells turbine for a wave energy power station. A performance analysis is provided as
a function of geometric and flow parameters. Mohamed et al. [8] carry out an optimization
process in order to increase the tangential force induced by a monoplane Wells turbine
using symmetric airfoil blades. The influence of aerodynamic design on the overall plant
performance (wave-to-wire model) is investigated by Brito-Melo et al. [9]. Modifications
of the Wells turbine are proposed by Setoguchi et al. [10], by setting the rotor blade pitch
asymmetrically at a positive pitch so as to achieve a higher mean efficiency in a wave
cycle, taking into consideration that the air flow velocity is not equal in both directions.
Setoguchi & Takao [11] perform a model testing and numerical simulation under irregular
flow conditions of the overall performances of several kind of turbines. The authors de-
scribe the mechanism of the hysteretic behaviour in the Wells turbine. Torresi et al. [12]
carry out extensive numerical simulations of a Wells turbine by solving the incompressible
Reynolds-Averaged Navier-Stokes (RANS) equations. The authors employ three different
turbulence models, and the performance results are validated with available experimental
data.
In the present work, the inviscid, steady state flow in the Wells turbine is investigated
by numerical simulations. The Virtual, Multiple Reference Frame technique (VMRF) [13]
implemented in the Computational Fluid Dynamics (CFD) platform BBIPED [14] is used.
Similarly to the Multiple Frame of Reference method (MRF) [15], different velocities can
be set in different zones of the domain and the unsteady flow is approximated by a steady
flow, thus saving computational cost. The main advantage of the VMRF method consists
in not requiring different meshes for the different zones, making the method particularly
suitable for the design optimization of the turbine in OWCs. The VMRF technique is
described, and a numerical case study of a Wells turbine is carried out. The overall
performance of the turbine is compared with numerical and experimental results from the
literature.
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Figure 1: Sketch of the Wells turbine in the OWC. 1: inflow section; 2: outflow section; 3: seven
uncambered airfoil section blades; 4: OWC cylindrical duct; 5: rotor hub.
2 NUMERICAL MODEL
2.1 The Wells turbine
Self-rectifying turbines are among the proposed solutions for an efficient and economical
technique of converting the oscillating flow into an unidirectional rotary motion to drive
the electric generator [16, Ch. 4.15]. The Wells turbine is the first concept of self-rectifying
air turbine that have been designed [6]. The considered configuration, inspired by Torresi
et al. [12], is sketched in Figure 1. The turbine comprises seven uncambered airfoil section
blades. The blade profile is the NACA0015 with constant chord length c = 74 mm, the
blade chord line lies in the plane of rotation. The blade tip and rotor hub radii are,
respectively, Rtip = 155 mm and Rhub = 101 mm. The rotor hub length is of 240 mm on
each of the two sides of the turbine, and its geometry is composed by a cone and a half
sphere with radius equal to 70 mm. The OWC duct is approximated by a cylinder.
2.2 Governing equations
The compressible, three dimensional Euler equations are considered on a domain Ω ⊂
R3 with piecewise smooth boundary ∂Ω. Considering a discretization Th of Ω [17, Ch.
3.1], the integral, vector form of the governing equations with support over a control
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F (Q) · n dS = 0 (1)
where t denotes time, and the unit vector normal to ∂V is denoted as n. The vector of




 F (Q) =
 ρuρu⊗ u + P I
ρHu
 (2)
where ρ and P denote, respectively, the density and static pressure, and the velocity vector
is denoted by u. The total energy and enthalpy per unit mass are denoted, respectively,
by E and H = E+P/ρ. The symbol ⊗ stays for the tensor product, and I is the identity
tensor. System (1-2) is closed by the equation of state for an ideal gas [19, Ch. 2].
2.3 Virtual multiple reference frame
In order to account for the rotary motion of the Wells turbine, the Virtual, Multiple
Reference Frame technique (VMRF hereafter) is used (see Remaki et al. [13] for details).
The VMRF method consists in an alternative algorithm of the Multiple Reference Frame
model (MRF) [15]. The governing equations are transformed into a reference frame that
moves with steady rotational and/or translational velocity. As a consequence, the un-
steady flow in an inertial frame of reference, is approximated as a steady flow in the
moving frame of reference. Different speeds can be assigned to different zones of the
domain, and the flow in each zone is solved using the respective moving reference frame
equations. The main advantage of the VMRF with respect the original MRF model is
that the former does not require the creation of different meshes for the different zones.
As an example, the zone Ωr ⊂ Ω is assumed to rotate with steady angular velocity
ω and center of rotation x0. After a coordinate transformation into a frame of reference












where the non-linear mapping Fr (Q) and the source term Sr read as, respectively
Fr (Q) =
 ρ (u− ur)ρu⊗ (u− ur) + P I
ρH (u− ur) + Pur
 Sr =
 0−ρ (ω × u)
0
 (4)
The symbol ur denotes the velocity due to rotation ur = ω× r, with r being the position
vector pointing from the center of rotation to a generic point x in the domain, i.e. r =
x− x0.
The main advantages of the VMRF method can be summarized as follows:
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• It is not required to construct different meshes for the different zones. A single mesh
can be used for the whole computational domain Ω, as the definition of the rotating
regions Ωr takes place at solver level.
• A steady-state approximation of an unsteady problem is solved, thus saving com-
putational cost. This approach can provide reasonable approximations of the time-
averaged flow field in turbomachinery applications, where, due to the high values
of the rotation velocity ω, a poor interaction between the moving and stationary
zones occurs [15].
• A single set of equations (3-4) is used. In fact, although system (3-4) is obtained
through a coordinate transformation, it provides the solution for the absolute values
of the unknown conservative variables Q. It can be noted that, in areas not belong-
ing to a rotating region V /∈ Ωr, the angular velocity is zero ω = 0, thus recovering
the formulation (1-2) for the stationary frame of reference.
3 NUMERICAL SIMULATIONS
The BBIPED Computational Fluid Dynamics (CFD) platform [14] is used for the
numerical simulation of the flow through the OWC described in Section 2.1. The platform
relies on the open source packages SALOME [20], for geometry and grid generation, and
on SU2 [21], for the flow solution. The BBIPED CFD platform accommodates ad-hoc
implementations that are not present in the original version of the flow solver, such as the
VMRF method described in Section 2.3. The aim of the present numerical experiments is
to verify the applicability of BBIPED, featuring the VMRF method and a compressible
solver, to be used for the solution of the relatively low speed flow in the Wells turbine
(Mach number ∼ 10−2). Although the overall performance of a turbomachine may depend
on phenomena associated with unsteady flow [22], this preliminary analysis accounts for
the steady state only. By solving the inviscid Euler equations, the friction effects on the
flow field are neglected.
3.1 Case set-up
Numerical scheme. The SU2 flow solver uses the vertex-based finite volume scheme
for the space discretization [18]. The advection term is treated by a second-order accurate
Roe-Turkel scheme [23], featuring a second order Venkatakrishnan limiter [24], while the
source term is integrated by a first order piecewise constant method [18]. For the time
marching, a second order accurate implicit Euler scheme is used. The biconjugate gradient
stabilized (BCGSTAB) method [25, Ch. 9] is employed for the solution of the resulting
implicit linear system of equations, and, since relatively low Mach numbers are considered,
a Turkel preconditioner is employed for facilitating the convergence [26].
Computational domain. The computational domain is sketched in Figure 2. The
OWC’s cylindrical duct is 1400 mm long and its radius is equal to Rduct = 165 mm. The
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Figure 2: Sketch of the computational domain. 1: inflow section; 2: buffer region; 3a-3b: limits of the
rotating region for the VMRF.
rotating region Ωr is a cylinder whose axis coincides with the axis of rotation of the
turbine, its two bases are located at a distance of 260 and 740 mm from the inflow section
(labels 3a and 3b in Figure 2).
Boundary and initial conditions. At the inflow section, the imposed boundary
condition is atmospheric pressure and a fixed velocity, parallel to the axis of rotation,
according to the value of the considered volumetric flow rate q (see Section 3.2). In order
to model a farfield boundary condition, the outflow section of the cylindrical duct opens
in a wider buffer region, the cube E3buff , where Rduct  Ebuff = 1000 mm. At the buffer
faces, the imposed boundary condition is atmospheric pressure. At the duct surface and
at the turbine’s blades and rotor, a slip boundary condition is imposed. In the whole
domain is imposed an initial condition of uniform velocity field, parallel to the axis of
rotation, according the considered volumetric flow rate q (Section 3.2).
Computational meshes and convergence criteria. The whole domain is dis-
cretized by tetrahedral elements. A set of two different meshes M1 and M2 is used, with
coarse and finer cell size, respectively, as specified in Table 1. In both meshes, the region
included in a distance of 50 mm from the plane of rotation has an element size five times
smaller than the rest of the cylindrical duct. The buffer region is discretized by using a
very coarse element size, roughly fifty times larger than in the cylindrical duct. Figure 3
shows a detail of the mesh M2 in the vicinity of the blades.
The steady state of the flow solution is reached and the simulation is considered con-
verged afterwards the residuals of the conserved variables Q have dropped of at least 3
orders of magnitude.
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Table 1: Computational meshes: approximate number of elements, nodes, and size of the cells surround-
ing the blades with respect the airfoil chord c.
Mesh # Tetrahedra # Nodes Blade cell size
M1 3.3× 105 0.6× 105 6.8× 10−2 c
M2 8.9× 105 1.7× 105 5.4× 10−2 c
Figure 3: Detail of the tetrahedral mesh M2 in the vicinity of the turbine’s blades.
3.2 Results
In each numerical simulation, the speed of the Wells turbine is kept constant at 2000
RPM, while a range of values for the volumetric flow rate q is considered, in order to ac-
count for different steady flow configurations [12]. The non-dimensional flow and pressure











where Aduct denotes the inflow section area, the symbol vtip stands for the modulus of the
tangential velocity of the blade tip, the static pressure drop ∆P is evaluated at the inlet
and outlet sections of the computational domain (see Figure 2), the reference density is
assumed equal to ρref = 1.225 kg/m
3, and the symbol ωrot denotes the speed of the Wells
turbine, expressed in rad/s.
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Figure 4: Non-dimensional pressure drop coefficient for different values of the flow coefficient, obtained
by the BBIPED platform on two different meshes M1 and M2 (Table 1). Both experimental and RSM
results by Torresi et al. [12] are shown for reference.
Figure 4 shows the plot of the non-dimensional pressure drop coefficient for different
values of the flow coefficient. For comparison, both experimental and numerical results
by Torresi et al. [12] are included. In the investigation of Torresi et al. [12], the Reynolds-
Averaged Navier-Stokes (RANS) are solved, using a Launder Reynolds-stress turbulence
model (RSM) [27]. The following conclusions can be drawn:
• By the use of the finer mesh M2, the accuracy of the calculated pressure drop
coefficient is significantly increased. A good matching of the calculated pressure
drop with the experimental results is observed especially for lower values of the inlet
flow U∗ < 0.22. Thus the overestimation of the pressure drop obtained by BBIPED
is to be addressed principally to the use of coarse meshes in this preliminary study.
As a matter of fact, in the numerical simulations of Torresi et al. [12], computational
meshes of about 2 × 106 cells are considered, and only one seventh of the domain
(one blade) is computed, taking advantage of the tangential symmetry. Considering
the number of degrees of freedom used, it can be determined that Torresi et al. [12]
employ roughly (2× 106 × 7) / (1.7× 105) ' 80 times more degrees of freedom than
the fine mesh M2 (see Table 1).
• A linear trend of the pressure drop coefficient is coherently observed. The Wells tur-
bine is known to exhibit a roughly linear relationship between the turbine pressure
drop and the volumetric flow rate [9, 16].
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Figure 5: Distribution of the static pressure P over the surface of the Wells turbine.
Figure 6: Distribution of the velocity magnitude over the surface of the Wells turbine. Velocity stream-
lines are plotted, radially distributed with respect the rotation axis.
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Figure 5 shows the distribution of the static pressure P over the surface of the Wells
turbine, for U∗ ≈ 0.13 and using mesh M2. The pressure distribution is higher on the
leading edge and lower on the trailing edge, coherently with the sense of rotation of the
turbine.
Figure 6 shows the distribution of the velocity magnitude over the surface of the Wells
turbine, along with a number of velocity streamlines, radially distributed with respect the
rotation axis, for U∗ ≈ 0.13 and using mesh M2. The flow is coherently deviated towards
the direction of the rotary motion of the turbine, accelerating past the blades.
4 CONCLUSIONS
The aerodynamic performance of a Wells-type turbine is investigated by numerical
simulations of the steady flow inside an OWC. The three-dimensional, compressible Euler
equations are solved by using the CFD platform BBIPED. The novel technique of the
Virtual Multiple Reference Frame (VMRF) is used to account for the rotary motion of
the turbine. By setting different velocities in different zones of the domain, the VMRF
method allows for approximating the unsteady flow with a steady solution, thus saving
computational cost. Moreover, since no different meshes are required for the different
zones, the meshing operation is considerably facilitated. In all the performed numeri-
cal tests, a relatively low Mach number ∼ 10−2 is considered, and a compressible flow
solver with preconditioning is successfully employed. The performance of the Wells tur-
bine, evaluated by means of the pressure drop between inlet and outlet sections, are in
satisfactory agreement with both experimental and numerical tests in the literature.
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